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I .  Administration of the Contract 

A. Personnel 

No new personnel have been added to the project .  The appointment 

of a Graduate Assistant under the contract was again postponed, but i t  'as 
hoped that a qua l i f i ed  Graduate Assistant w i l l  be avai lable to work over 
the sumer. 

B. A c t i v i t y  since l as t  report (October 29, 19&) 

The gas chromatograph i s  now operable, a f t e r  the delays PQC~XMI~~C! 

i n  the l as t  report. Experiments are now i n  progress to define the esndll- 
t ions of o p t i m u m  performance for the purposes of the investigation, as dis- 

cussed in  the prewious reports (see p.  4 of the October report). 

A s t i pu la t i on  that the cost of the  components for our gas chrmsto- 

graph should not exceed $2,707 was mode in the letter from DP. Smull 
(June 10, 1964) giv ing permission to purchase components, some frm over- 
S m s ,  instead o f  the corrrmercial gas chromatograph u n i t  originally contai~ 
plated. 

$2,350. 

thus under the maximum stipulated, and represents a saving of approxinate':g 

$950 ower the allotment of $3,500 f o r  the gas chromatograph. 
we bel ieve we have obtained the superior temperature and flew control  d t : / . i :  

we were seeking. 

Our records show tha t  the parts refereed t o  cost approximately 
Brokerage Pees and other expenses add around $200. The cost was 

Cn additicm, 

During the period i n  which experisrmta? m s k  was hampered by the p h m +  

fortunate delays i n  receiving essential parts, a gmd deal of at tent ion was 

given to the mattes of vir ia9 coefficients. The object was to explore means 

of determining them rap id ly  ( i n  particular with referpe~~ce. to the Interactis;*, 
second v i r i a l  coef f ic ient ,  B ), and t o  consider t h e i r  significance i n  tho 

study of molecular interactions. 
12 

C. Projected a c t i v i t y  on the project. 

I n  the next s i x  months a great deal of  experimental date should c a m  

from the work w i t h  the gas ehrmatograph. vhe analysis and in terpretat ion 



of t k  data i s  expected to be rewarding, As the previous reports ex- 

plained, t h e  technic of factor analysts w i l l  play an important part in 
the analysis of the data, and I t  should be mentioned that sone studies 
for the purpose of  making the computations of  factor analysis easier to 
menage end apply are being successfully pursued I n  the Chemistry Depart- 

ment (although not under this project) in cooperation with  the S t e ~ a n s  
Computer Laboratory 

Reprints of the article "Compressibility Factor for Nonidenl 
Carries Gases in Gas by B. E. Mestire and 0. C.  Locke 

(Analytical Chern., 2, 144 (1964).) are enclosed with this rq x r t .  As 

mentioned In our October report, this work was initiated prior to %$SA 

support of the project. 

Br. Locke has completed a manuscript, '%as-Sol i d  Chrmatoganphy 

With Rea1 Carrier Gases," which Us attached to this report. On a revised 

and abbreviated version, this work will soon Be submitted for  publication 
to the Journal of Physical Chemistry. 

I n  recent months a search has been made for measurements of second 

visial coefficients which would give Independent checks on t h e  vslues which 

can be extracted from gas chromatographic data. 

i s  a part of the objective of  this project. 
not  been made, it i s  necessary to calculate the second v i r i a i  caefflclents 
from other data. The methods involve, besides the use of P-%=a data,  heat 

of vaporization vapor pressure data, heat capacity data, saund velocity 
date, or refractive index measurements on the gas phase, Unfortunately, 
there have been few direct measurements made on interaction second virial 
coeff ic ients.  Recourse must be made ~ s e u e l l y  either to gross appsoxirrc- 

tions, or to masoarsmnts on mixtures ob gases over a range o f  concentre- 

tior;s, G6;'e suspect that the simplest approach i s  through the use of re- 

fraetive index measurements, following the method of Ganggenheirn and A.shton 

QProc, BAYS, SOC., ~ 6 9 ,  693 (19469. 
apply th is  method to available data. 

The study of these values 
Vhere direct measurexents trave 

CaIcuBatisns are being undertaken t o  



Compressibility Factor for Nonideal Carrier Gases 
in Gas Chromatography 

SIR: The recent work of Desty, 
et. d. (5) has demonstrated that the 
carrier gas in gas chromatography can- 
=,& be nAm":a-"-a as Bii :A-..l 

U " I I V I U ~ L ~ U  1UG011, iion- 
interacting, neutral fluid whose only 
action is to transport the solute vapors 
through the column. When accurate 
thermodynamic measurements are at- 
tempted using gas chromatography, i t  
is necessary to correct for the non- 
ideality of the gas phase (1, 5, 6). One 
criticism which might still be leveled a t  
experimental studies in which npn- 
ideal gas behavior has been considered 
(1, 5, 6) is that mean column pressures 
and corrected retention volumes were 
calculated using the Martin and James 
compressibility factor (4, 8) which was 
derived for ideal gases. 

This communication describes a 
method for calculating mean column 
pressures for real carrier gases, where 
gas phase interactions can cause ap- 
preciable deviations from ideality. It is 
shown that the effect of nonideality on 
mean column pressure is small, and can 
be neglected in most cases except where 
the highest accuracy is required. 

Let us first review the derivation of 
the Martin and James factor for ideal 
gases, for comparison with the 
expression for real carrier gases. The 
carrier gas velocity, u, is related in a 
general way to the pressure drop across 
the column according to 

u = -C dp/& (1) 
where e is the column permeability con- 
stant and p is the column pressure a t  
any point, x, down the column. For 
an ideal gas, whose equation of state is 
PV = nRT, it is readily shown that 
the mass flow rate pu is given by 

m 
M pu = POUO = - RT = constant (2) 

a t  any point down the column. In  this 
equation, m is the molar flow rate (moles 
of carrier gas/unit time), M is the 
molecular weight of the carrier gas, R is 
the gas constant, T is the absolute 
column temperature, and the sub- 
scripted zeroes refer to column outlet 
conditions. The mean column pressure 
is defined by 

p =  LL pdz (3) 

Substituting Equations 1 and 2 into 3, 
changing variables from position to 
pressure, and integrating, 

Cp2dP 

cpdp 
POW __ 

POW 

P2dP 

PdP 

~ 

2 ( 9 - 1  
7j- Po (arl) = Po/j (4) 

where a is the ratio of inlet to outlet 
pressures, p,/po, and j is the Martin and 
James compressibility factor. 

For real gases, we choose a simple two- 
term virial equation of state, 

PV = nRT + nBllP (5) 

where Bll is the second virial coefficient 
of the carrier gas, representing inter- 
actions occurring between the carrier 
gas molecules. Equation 2 then be- 
comes 

Thus 

Rearranging Equation 7 ,  

(7) 

For the mean column pressure, we now 
have 

p i  p2ap 

1 t Bn p / R T  

PdP 
(9) p =  s, 

J: 1 t BII  p / R T  

Integration yields: 

Expansion of the In terms in a 
Maclaurin series and algebraic 
simplification of the result leaves: 

In terms of a = p i / p o ,  and neglecting 
higher terms in the expansion, 

p =  

'/3 (a3 - 1) - (2) (a3 p i  - Po) 

[1/(2po)l (a2 - 1) - ' / 3  (&) (a3 - 1) 

For PO = 1.OOO atm., Equation 12 
becomes numerically equivalent to 

' / 3  (a3 - 1)  - ' / 4  (2) (a' - 1) 

'/z (a2 - 1) - '/3 ($) (a3 - 1) 
p =  

(13) 

Thus, for a given inlet and outlet pres- 
sure, the mean column pressure will de- 
pend upon the nature of the carrier gas. 
The effect of nonideality will be greatest 
for low column temperatures and high 
inlet pressures. For ideal gases, Bit = 
0, Equation 12 reduces to Equation 4. 

To use this correction, values of 
B11 at the column temperature are 
needed. If it can be assumed that the 
carrier gas molecules conform to the 
corresponding states principle, second 
virial coefficients can be calculated 
from an empirical Beattie-Brid, meman 
(%type formula shown by Guggenheim 
and McGlashan (7) to be applicable 
over a wide range of temperatures: 
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- =  B1i 0.461 - 1.158 (F) - 
V* 

0.503 (F)3 (14) 

where V* and T* are the critical [or 
characteristic (7) ] volume and tempera- 
ture of the carrier gas, respectively. 
Values of Bn at 25” C. for several of the 
common carrier gases are presented in 
Table I. 

Mean column pressures calculated . 
from Equation 13 over a range of 
pilpo ratios normally encountered in 
gas chromatography for several of the 
most common carrier gases are presented 
in Table 11. 

These calculations were made for PO 
= 1.OOO atm. and a column tem- 
perature of 25” C. As anticipated, 
the effect is small, increasing with in- 
creasing pi/m ratio and carrier gas 

Table 1. Critical Constants and Calculated Second Virial Coefficients 
for Carrier Gases at 25” C. 

Carrier gas 
He 
H2 
N2 
Ar .~~ 

co2 
CH, co 
Ne 
0 2  

(cm.3-mole-’) ___~. 
T*a V * b  

7.66“ K. 
43.4 

126.0 
150.7 

190:3 
133.0 
44.8 

154.3 
Data given in (7).  

Calculated from Equation 14. 
Value given in (6). 

33.7 cc. 
50 
90.2 
75.3 
. . .  

98.8 
93.2 
41.7 
74.5 

Bile- 
+15 cc.-mole-l + 15 

-6 
- 14 
- 124d 
- 40 
-9 + 12 
- 16 

Table 11. Mean Column Pressures Calculated from Equation 13 
for po = 1 atm. at 25” C. 

a Carrier Bii -____ _ _  
gas cc./mole 1.5 2.0 2.5 3.0 

He, HZ + 15 1.26665 1.55551 1 ,85703 2.16648 
Ideal 0 1 ,26667 1.55556 1.85714 2.16667 
Nz -6 1 ,26667 1 ,55558 1.85719 2.16674 
Ar - 14 1 ,26668 1.55560 1 ,85724 2.16684 
c02 - 124 1 ,26677 1.55596 1 ,85803 2.16820 

Maximum yo difference 
from ideal 

Carrier Bii 
gas cc./mole 

He, H2 + 15 
Ideal 0 
N2 -6 
Ar - 14 
c02 - 124 

Maximum ’% difference 
from ideal 

0.01 

3.5 
2.48119 
2.48148 
2.48160 
2.48175 
2.48382 

0.09 

0.03 0.05 0.07 
a 

~~~ 

4.0 4.5 5.0 
2.79959 3.12067 3.44375 
2.80000 3.12121 3.44444 
2.80016 3.12143 3 44472 
2.80038 3.12172 3.44509 
2.80330 3 12563 3 45010 

0.12 0.14 0.16 

nonideality; for COz carrier g45 at , 
p i / p ,  = 5.0, only a 0.16% error is in= 
curred by using Equation 4 to cal- 
culate the mean column pressure rather 
than Equation 12. Thus, except in 
unusual circumstances or where the 
highest accuracy is desired, this cor- 
rection need not be applied. Since the 
mean column pressure depends upon 
a, Bl,, and T, it would be inconvenient 
to prepare extensive tables of these 
correction factors, as have been pre- 
pared for the Martin and James j 
factor (3). 

It should be noted that as the mean 
column pressure becomes very large, 
higher terms will be needed in the 
equation of state, Equation 5. Such a 
circumstance, however, would be rare in 
gas chromatography and is therefore 
not considered here. 
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Introduction 

Galp-solkl chzxxaatography (GSC) has been uaed far the sepratfon 

of geseoua mixtures sonewhat longer then gas-ILqtrid chromatography (Ga,Z), 

Hawever, behtg reatrtcted mainly to the analysis of the f i x e d  gases and 

s h p l e  organic eaappoun&, the study of GSC Became submerged 

of theory and appltcatiun following the advent of GLC isl 1952, 

cently, hawever, renewed interest has arisen in linear elution GSC, 

tho d e l q p  

More re- 

bereashg attention has been paid to the technique at  recent 

symposia." 

that the technique w i l l  become hcreasingly efEective and attractive a8 n~?w 

developments arise in the expetbntal  aspects of mC, 

tsgm@~ic tntereste, of Giddingsl' have recently returned to the theory a2 

emalqykical potential of CSC, 

eellent: chraatogrephic properths 

use of open tubular adsorption coiltmns 5030~32 offer new ereas far enplorc- 

t Lorn, Sensittve ionization detectors pexmtt the use af s m p l c s  ~ a P f k c i t r - . . C l t j  

small to hsure operation b the Phear (Henry's l a w )  portion cf tl2e e& 

sotptton boothem, with the e~imhtiorm of problms et&cndhr;f n ~ ; n l i ; - e 2 ~  e& 

sorption, 

Purne11,33 whose text is a aouzrebaok of ideas, has suggested 

The broad chrom- 

'9ke fntroduettan of new adsorbeats w i t h  a- 

such as f ibri l lar boeEmLte 023 snr3 kh3 

fn thie  paper, several system defined h- tern9 of the obsewcd 

s m p h  and carrier gas s&orpt€umr Esatkem are cons ideredo Q i i a n t f t n t i ~ s  



predictions =de 88 to the effect a€ gas phese mnidealf-tg GI-~ the 

retention bohcavfar Q€ adsorbates in GSC, 

gas in ths simpler adsorpth systems, absolute sample r e t ~ n * i m  5s 

Itnearly related t o  the mem column pressnre: at constant pressureo re- 

tention decreases w i t h  €ncreeshg nonidenl€ty of the gas phase, Xt 5s 

antic€pated that GSC will provide a s b p l s ,  reasonably accurate method 

for the deterninetion of the second virLal coeff Lcfenta whkh chmraelerkc 

these gas phase hperfecticms, 

tention with rean c o l m  pressure or carrier gee nonfdealtty guy Tmax ha 

portant analytical consequences fsr the resoltet €on of dLf ficulty se.pai:p.blo 

mktures. Since the fundamental dlstributim emff icLent Es propost1.cncl 

to the adsorption constant of the ample, it Pallaws that GSG offers a 

means for o b t a h h g  infoasation about gas-solid interactions. 

gested that GSC has considerable potential for the separation of icotopes, 

AB in GLC,,’ for m g!Lven c ~ s r t e r  

The util ization of small changes €n re= 

It 2s sur;- U 

F m  the basic theorem of chromatography, it can be sham t l a t  k2n 

of ec)ane component at tntemst (the adsorbatel f~ re=  retentfan t h e ,  t, 

lated t o  its edsorptfon partition ratio, ka by 



c 

= 

is related 

w h e r e  V& 

nmber of moles of cmpnent  ~ & o r h d  per unit weight 

number of moles of component fn the gas phase per 
of adsorbent (3) 

unit volume of gas phase 

to the partition ratio accordfnrg to 

=a 

is the interst i t ial  volume of the column, the retention velum 

of an unadsorbed component, and we 

column, Note that a, has units of cc/g of adsorbent, while k, €6 

dhens  ionless, We could have as easily clef ined K, in term of the num- 

ber of moles of component adsorbed per unft area of adsorbent, 

ease K, would have dimensions of em, However, the weight of adsorbent 

&s Q O ~  readily measured than tts surface area, 

is the weight of adsorbent in the 

En this 

In any case, the f ina l  

results ~ € 1 1  differ only by a conatant, and as will be seen, w e  will 

usually need to know both the surface area and the weight of ndsorbant 

present 

ka Ls determined using equation ( I ) ,  Ka can be obtained frm 

equation (4) and L8 related to  the corrected retention voluanaz by 

0 
VR = @ 9 K, wa ( 5 %  



'. .. 



t 

FolIswhg Barker and Everettea derlvsltLonnl we f fnd an express ion 5 P  

Hemyqa acborptlon law: 

n2a = A p$ 



La €s d ~ h e m h n l e s s ,  as it should be, 

The next situation, Case 11, is the s m e  as Case I except t h ~ t  the 

gas phase behaves nonideally, 

Ip2 carrier gas and a l o w  activity adsorbent (graphitized carbon black, for 

example'!) at moderate colurrm temperatures ,, The adsorbate f o l l m ~ s  a 1 h a r  

isotherm but the carrier gas iS not adsorbed, 

These conditions may be expergenced v i th  s ~ y  

For real gases, we Rave h 

place of equatLon 8, 

112g = % A fZgo or In nZa = 1n  HA + In fpg (12) 

17 where fag 

t o  the partiall pressure according to 

Ls the fugacity of the adsorbate above the adsor%ent, related 



equation 7 becamrp?~ 

Cmblnhg equations 12, 13, 15, and 17, 

Por wry small sanplee y -+ 0 Then after rearranging eqaetion 18, ex= 

pandhg the resultbg tern 

order term in the expansion, 

In (1 + B1lF/RT)D and neglecthg a l l  but first 

A p l o t  of 1p1 ICa v8 should be linear, with 8 slspe of 2€312/RT end a31 

intercept ident Leal to squat Lon 11 

4 

Another case of lesser importance might also be cmsbdered, LR Case 

UI, the carrier gas closely approximates Meal behavior while the adsorbate 

vapors are themdynamLcally hperEect, Such a circumstance mL@& effecthmly 

aehe tf He were used as a carrfer gas a t  hfgh temperatures, Equation 16 

wow becomes 

ie" @ t: (nZg 3 ng) RT 

17 Assuming furthemre (r that 



A t  ordinary operathg temperatures, f t  is expected tha t  m a s t  co~non 

carrier gases other than He or H2 w i l l  adsorb on the active sol id ,  &_e 

of the sfntpler nonlinear isotherm that a ca r r i e r  gas might obey is that of 

LengrrmLt.2C 'Ihls treatment, a kinet ic  approach, assumes monolayer adsorption 

on a un€fom, hasnagewaua surface. Lateral interactf.ona between the ad- 

sorbed spectee are negligfble. In c9C, where the catrbr gas and the sample 

companents may both be adsorbed, t h i s  reqalms that the only effect one ad- 

sorbate can have an the adsorptfon of a n o t k r  t t o  reduce the available 

surface ereea3 FOmlatiOR of the Langmir isotherm for mked adsorbates 

thus proceeds as ~ ~ A o w :  

L e t  8 1 and 8 2 be the fractions of the surface of the adsorbant 

occupied by adsorbates 1 and 2, respectfvely, 1 refers to  the carrier gas 

and 2 t o  the sample component under catmsidaratfon. 

face Le therefore (1 - 0 1 .== 

The Erectfan of free sur- 

8 2). Since the r a t e  of adsorption is pro- 

portional t o  the par t ia l  pressure of the adsorbate above the adsorbent, and 

t o  the  available surface area oE adsorbent, the rate of adsarptLon of 2 t s  

where the k i a 8  are the respecthe r a t e  constants. The desorption ratas are 

IC; 8 1 and kc; 8 2 respectively, where the ki are new rate co~stan-;7s 

A t  equtltbriuar, which we must a s s w  is et-kahed a t  ell points dmm tb 

mlumn, 



where the bi  are the ratio of the adsorpfio'Pl/deaorptLon rnte conskm2sc 

the ind€vidual overall sdsarption cantants, I€ p@ = 0 or iE b2 = 0 

Le, 

adsorbing one, equatfon 24 reverts t o  the ordinary Langmuir isathem far a 

single gas. 

in the e%ence of an adsorbing vaporo or in the presence of a n m -  

The number of mole8 of the i t h  gas adsorb& Ls, in Langauir nodation, 

where sf ia the nmber of moles of the i th  cmponent required to fzro&ec 

a monolayer on the surface of the adsorbent, Substhstfan of Phis h t a  

"m2 b2P2g 
n2a = ..3 CZS? 



10, 

by the presence of camponent 2 ,  but the linear adsorption of 2 is gltrsn~Ey 

Lnfluenced by the adsorption of carrfer gag. 

SolvLng equations 27 for (1 4 blplg) and equating, 

n2a = c1 nla p,g/plg (28;) 

where c1 = t~ , , ,~  b2&’ b l  

W e  C ~ R  now consider Case SV, where the adsorbate obeys Henry’s l a w ,  

the corrLer gas follarm &he Langmufr hotErarm, and the gas phaee behaves 

Ldeally, We can then identify 

with the mean column pressure, 

4 ,  9,  and 28 

plgo the partial pressure of carrier gas, 

,, t o  a goad epprosshtLon- Espm equatbons 



Proceeding a8 above (equations 13 and 16) and using (5) 

we artlvs at the &sired result, 

Under the proper clrcumstances, the adsorption of bath the cai-raer 

gas and the emple may best be. described by o linear isotherm, 

noted that equation 30 €8 applicable to both 1Lneat and Lengmie adsarptkm, 

Lt b e h g  b p l i c i t  Ln t h b  equatfan that the only effect adsorption of one 

has on the other is to reduce the available earface area, 

It w i l l  bs 

For the present case of linear adsorption of both a m p l e  vapm azd 

carrier gasr blplg and b2pZg are both much Pes8 than 1, and t b s  n ~ & c z  

of moles of carrhap gas adsorbed i~ given by 

nla = 

for vary sml l  samples, Thus 

ca c o  = c2 we arrtve at the 



m Lnen 

r. 

UO%J the clistribu.i-lon coefficient is dependent upon the smple s fze  

&creeshg w l Z h  brreasing p2& This is €n agreement with extper-lolenEa3 

observations. 

small, aquat€m 36 reduces t o  the equivalent to equation 10, 

( ~ ~ 1  ~ 

25 
I€ the amount of adsorbate present l a  a l l ~ m e d  fa %..erne T.c-~ 

Langumir-tm adsorption of the sample in conjunction w i t h  linear or 

Langmir adsorption of! the carrier gee leads to systems described by Caeere I2 

and X, respect€wely, 

nl8 and n2a are now defined by equations 37 and 26 for the two re8peeti.m 

s ituat ions : 

As in Cases V I  and VII, equathn 31 holds although 

These results are also given in Table I 

Cotwiderattom sfmilat to thase employed above will allow assessmm: 

of the effect of gas phase nonidsalIty on retentLon in these c ~ e e s ,  

of the f tnel results for Ifa 

Table I, 

A m m x r y  

for the various cams considered fe given En 



n 
h) 

rJ 

a 
D, 

7T 
P 

P, B 



tdea l i ty  or nontdeality ob suck systems is t o  a large extent delpendenk OF, 

the accuracy of the rpeaprurements made. Analytically, most ckranatopa>Mc 

systems behave ideally ( in  the thermodynamic sense) for a l l  practical ?UT- 

posesc 

for t he  reel systems. 

gas phasee, 

column pressure for a given carder gas : a t  eonatant pressure, 

should decrease with increasing gas phase nonfdea~t ty ,  

with nonl hear ca r r i e r  gas isotherms 

vapor phase nonldealLty w i l l  be superimposed upon, and obscured by, %he more 

Those equations der€ved for the ideal gas phases are  Iirnittng csscs 

For the cases with linear ieothenns, but nonidsd 

should show a s l igh t  but linear dependence on the m e x i  In  K, 

In R, 

For those systems 

t h i s  pressure dependence ar€s Lng %rem 

direct, stronger pressure dependence exerted through the  factor  of 

(1 * bl g)-1 

Q 0  In  R a  

The actual eontribution of the imperfeetim correction term 

is quite small, amounting 00 at  most only a few percent, 

Thermodynamically, w e  see khat CSC m y  provide a simple method fsr 

Qhe determination of adsorption canstants; second v f r f a l  eoeff ic ients  de- 

pending upon the nature of the system: plus the addLftiara1 Lnfomatton de- 

rivable frm these quantft ies,  as tram t h e i r  temperature dependence, 

It m i g h t  be noted that experhental  adsorptiem h s t h e m  are readily 

obtained by the  fromtal analysis technique of James and Phil l ips  (22, 351, 

In add€tion t o  being experimentally simpler and feaster than conventional 

methods, this procedure bs sapecially suited Bo the measurnmen$ of very Pem 

adsorptions (surface areas 0,25 m*/g ~t less), 

Since deviations fran adsorption l inear l ty ,  am dm even et very low 

sample pressures largely to adsorbent inhomogsnsithes it is anticipated 

that graphitized carbon black w i l l  be a valuable adsorbent far  experhental 

studlerr in GSC, 

to a b m t  3OSO0C 

wL&h a vecy hmogeneous surface of 6 - 30 mZ/g (21, 243, 

These active solLds are prepared by ImatLrag carbon blacks 

whkh eauses a crystall izatbon t o  small graphite polyhedra 

Speckally mxllffad 



adsorbents 

geneaus surfaceso and produce linear i s a t h e m .  

such as NaCX-treated A14O3 (34) also possess apparenziy ;:o - E  

If high column pressures and dee€dedlv nenideal car r fe r  gsses DF-P 

used, hfghest accuracy requLres the u s e  of elre monideal earrhr gas cox- 

pressfbfltty factor  (291, rather than j factors,  for the calculation of 

man column pressures" 

Let us first conafder %he measurement of thermodynamic quankities 

by GSC, 

equations depends on the extent to which the various cases etucligd here 

f a i th fu l ly  describe the physkal  system under consideration, end on the 

va l id i ty  of t he  assmptions made concerning these systems, From the slop*-. 

of plots of In K, or In k, a the mean column pressure,, we can 

extract  seeond vIrial coefficients for several of the rea l  systems con- 

sidered.. 

The re l iabf l i ty  of the resul ts  obtained with the a id  of these 

There are def i n i t e  l imita~ions  on the generali ty of the method, 

Obviously, i n  Case V, t he  major pressure dependenee of ICa lies in 

the *eeonshant*o term, fn the faefior of (1 6. bl f1-l ., 

measurement8 on the nmidea l i ty  a€ fkhe gas phase v i r tua l ly  Lmpossfble- Tiwa 

for these purposes, we m w t  avotd conditions whtch lead to nmlfnear  edsorp- 

kLon of rtb earrkr gas; cer ta in  carrier garves are e l h i n a t a d  from useful 

consCderatfon, This ie an hadfa(le  lh%tat€m, 

This w L l l  make accuraae 

Case 111, where the earrier gas b considered fdaal, w i l l  only hold, 

and then only a p p m x h t e l y ,  for 

adembed-. 

B2z0 %he second vfrfal  coefficients of the pure sampie zdssrbate vapors. 

Other fnfomtgon can be obtafned fron system described in Cases If. s;nd y:Ilc 

Recall t h a t  here tbe carrier gas fa either not adsorbed, or fs a d s s t k d  

l h e a r l y ,  respectively. 

tographic temzereturee r~ltth 112 

He earrier gas, which fs no0 ordfnnrily 

In  this case, we ean extrset Pram the retentLon data values 02 

Case f €  w i l l  *be R O S ~  applreable ~k ordinary chrms- 

carrfcr gae; ocher carrier gases imy be 
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used ah h€gher column temperatures, Systems involving heavier gemes st 

lower temperatures can best be treated as examples of Case 

of the 'In IC, vs P plot  pmvlda;! vduea e: BIZ for Case EX,, zn3 

(2B12 - B11) Used conjunctfvelly, we have a potentla1 r . z k k 3  

far the determination of both quantfties, Two different adlsorknts of Sif-- 

ferent ect€vit€es  are requited, 

the lower Activtty solid phase, and Case V I 1  that for the more active ad- 

The slow 
0 - 

for Case VII, 

If Case XI describes sample retentton Pcr 

sorbent, we can determine both B12 and Bpl ., Alternatively, we cail obksl',n 

B12 frm OLC ?=43asurer2ents9 and then apply Case nI. TRUS two columns are 

required, etther two adsorbent columns oE different aceLvity, or one w i t h  en 

adsorbent and one wl.th an adsorbent f t x e d  phase, Since we are nteasur€.ng gas 

phase €nteractions, the nature of the c a l m  materfals fn either case should 

not be critical, for all practical purpoees, This is a major advantage of 

the chromatographic method, in sddLti;bn to its eimpltcLty and s p e d ,  

Previous experfmntal studfes in GSC have generally emsidered the 

gas phase ideal: hwever9 these investigations have been roare concenied w i k h  

the theory of adsorption ftself ,,I9 w i t h  a detatled descrf$t!.oa of ths  chrc>.a= 

togrephie process and resulting peak shapes, or with e o l m  sffiebemy 5.n 

mc,12,18 

Adsarptfon cons'tants can be teeovered directly frm the k~asursd K, 

O r  from the intercept of the 

aecuracy, As in the masu-nt of actlvitp caeffieients Ln W ,  exkr.apolz= 

In Ka - p l o t ,  depending vpon ti12 desired 

%tan t o  zero mean column pressure w i l l  be necessary if  carrier gases e:rhib!.tfng 



sorbed spc€es, A theoretical  basis for these observations has be-an 

19,20 action potentials have also been measured chrmtographically, 

Taeoret€cal cn leu le thn  of and rmeesuremnt of Re allows del"cm~nc&?-on 

of s a l i d  surface areas (equation LO) which are in egreenent with values 

determined with the &lectron microscope. ' ~ ' 0  GSC retention data has a lso  

been used to calculate heats of adsotption(squat€on 6 ) ,  
8,16,18 

It  ha6 been observed by Greens and Roy" that di f fe ren t  carrZeer 

gases have a marked effect on t he  retention t i m e  of a given adsorbate on a 

given adsorbent. Table I1 gives their &&a, plus an assumed value of ka 

and a r e l a t ive  value of 

law, 

b l  ,, calculated from their data as discussed be- 

This bebvtor can be at t r ibuted t o  the fact that the adsorption of 

carrier gas reduces t h e  adsorbent area available t o  the sample vapors, a5 

wa8 dheussed abave. This is moet eas i ly  seen ff we assume Case IV holds 

f a r  these sy~tsms. B0mO ka = c2 E2Tm (1 9 blp)' A l l  else h t n g  equal, 

the m l y  quantity in  the above equaO€on dependent upon the mature of the 

ear r€er  gas bs As t h e  bl , the adsorption constant of the c a r r i e r  gae, 

degree of adsorption of earriler gas increases, b l  inereasas, and kc, 

deereases. If values 

TABLE If 

Effeet a€ CamLee Gas on th0 Retention T h e  of Wethane 

a - k€l - Carrier Gas t k  (min) 
cc 

H e 1  Lum 34 16 0 

Argon 22 90  0,30 

Nitrogen 16 7 0,64 

A i r  1s 6,s 0,73 

Acetylene 5 1,s  4,83 



'Retentton times of CH4 on 10 faat  charcoal column a t  2S°C, 
Flw rate of carrier gases, 90 cchin ,  

%aluea based on bl(He) = 0 See text 

of bl are known, quantitative predfctton of retentton behavior P o l l ~ ~ s ,  

Conversely, re la t fve  values of bl  can be calculated €run the partttion 

ra t ios  (or retention times) of sane canpsund on a given adsorbent, u s h g  

different  carrier gases a t  constant temperature and P 
9 

I f  ona value 

of bl 

experiments (as €n Case VI11 with H e  

€8 known independently, or can be measured by other chromtographte 

carrier gas and very small samples 

of the compound of frttetest such as Ar, N ; z ~  C2H2 

puts the others. 

etc,), then we can corn- 

For example, using Greene and R O ~ B  date,lS assuming & = 2 m€n 

( this  cannot be clearly determined fran tkLr paper), we first calculate 

the values of k, l i s t e d  in Table 11, A S B U I ~ I ~ ~  5 = 1,s atm, ba(He) IE 0 

(not adsorbed), and v% = 140 cco neg lec thg  gas €mperfec%fons, we f i n d  

c2 = 0,092, 

found in the Table for the various carrier gases, basad on 

fortunately, h u f f i c i e n t  data are avaL1able i n  ttre literature to check 

these numbers. 

Using these valueep we calculate  the re la t ive  values oE b l  

Un- bl(He), 

GSC thus pravfdee a s h p l e ,  rapid, and probably accurate mthod Eor 

t h e  determhatton of several q u a n t i t i t e s  of thermodynamic Lnterest, 

An hpor t an t  parameter in analyttceh gas chromatography Ls L'm re- 

solving power of the  column, expressed as the resolutLan, 

closely-eluted compounds of interest, &Ehad here as the satto of the dLf- 

ferenee in retention times , 

% o of two 

- trio to the standard dev€atlm, C tr2 



. 

where M tS the number of theoretLca1 plates generated by the second ij!a"iei-) 

cmpomnt, and 4 is the relative retention, k z h ,  &om equation 38, 

and the equsttans gfvm tn Table I ,  it follows that resolution Ln G C  €a 

given by the expr@es€ons below for the representative systems dascrfiasd in 

Cases I ,  I V ,  and V I ,  

The adsorption constants refer to those of the caaipound of longer retention 

t f iae,  labeled bere as number 2, 

It Ls apparent that approxbrately s h i l a r  N will be required to 

effect the same resaluticm in Cas- I and VI as in OLC, 

has predlcted greater efffciencks for GSC colume, In Case 177" i'3sohilt&on 

is a functKon of the nature sf the carP€ees gas and of the rean eoPutm pres- 

sure, as €s retention. For systems with nonlheer isotherms, resohtion 

w i l l  decreese somewhat with Lncreashg pressure, 

be rationalized in tsgnrs of! tfre increased CaPthr gas a&QE'pthD rs&ctq 

the adsorption s i tae available to the sample molecules. 

Hawever, G i d d i q p l 2  

PhysLcalPy, this  can ;gain 

The correctfan factors for gas phese non€deality w t l l  affect  rezcalu- 

t ion  thragh both k, and o< Shee thts change Ln reteation Le dc- 

pendent not only an the nature of the carrier gas and the man CS~UFEI 

pre88ure, but t o  scme extent alss om the structure of the smple ~oIe~u '1a3 ,  

subtle differences in ka a d  o( can often provide sufffcient c m e  

in R~ mb e f f e c t  ~ L Z H  to allow a diff icult  separateon PO txa madeO9o14 



. . . 

be especiatlp noticeable when capillary c o l m s  are wed, 

t o  change the carrier gas or the mean column preeaure than t o  ckang:s th2 

adsorbent to achLeve a separation, 

It  is f x  ski?Zei*  

(3% also promises to have fer wider applfcation to the separatlcn 

of Isotopes than U. U s l n g  88 an example Case I V  or V I ,  the relative 

retention fs 

From k h t f c  gas theory: b2 haa been glven a8 

of the adsorbate em the bare adsorbent surfaceO A Ha La the heat of ad- 

sorption, ko b an evaporath rete cbPtatant, and M !s the molecnlar 

wsight of the adsorbate, Assum5.ng d 02 d 01 0 k02 = 0 and 

(42 b 

In GLC, if an appropriate 1iquLd could be found for this purpose0 (e,goB Cf, 

reeerence 6) 

4 * b‘ 2 P 2 O l  4 lPl0 = P20/P1° (43B 

whem Y i  
l i q u i d  phase and pio 

the act iv i ty  coeffictent of the solute in the ststtcmry 

is the vapor pressure of the pure solute, 
Lh 

As an example, conetder the chromatographic separation e2 Ma ~ l n d  

The vapor pressures at  the t r i p l e  point are 94.01 and 93,83 m Wg N2” 

respectiwly,’l Thus for G U ,  d -. 94,03/93,67 = 1,0042, POP BC, how- 

ever 

k = 0 ,, % @ [( o( - l ) / d ]  

< t ’f%% = l .0351 For raesanable retent ion t Lws 

If say 98% resolution 5s ck!Skzdr 



t 

% - 4 
for the GIG colunn and about N = 14,000 for the adsorbent column, 

.!??s*aksg ti LIT2 of i am, tne CW column would have to be about 5130 n long 

(over a half m i l e )  while we would need a 6 C  column only 14 m long, While 

these values are approximate, they do give sane further Ldea of the analy-ti- 

the requLred number af theoretical plates i s  about M = 930,000 

cal  potential of ac,  

The retention behavior of several deffned ges-solid chromatographic 

systems bas been predicted. 

mean coluan presswe, decreasing s l igh t ly  w t t h  incseashg pressure of none 

Meat carrier gases, even in the simplest ejrateas, 

of gas phase idemlfty, the distribution coeff ic ient  per unit  weight of ed- 

sorbent t propartfcmal to the mmple adsorption constant, No presumptions 

are made a8 t o  the nature  OS the interacttons which give rke t o  adsorption; 

rather,  the system canstdersd are classiffed according to their absented 

behavior h terma of the sample and carrier gas edaorptton isotherm, 

equatlans presented here are thus restricted t o  those eyatems as can be 

descrtbed by the botherass dbcoased in this paper, 

ever, readt lp  extenclad to other types of isotherap,. 

Sample retentfan is linearly related t o  the 

In the l imiting casoe 

l’be 

The treatmaat La, how- 

Considerable potential Le seen f o r  the extraction from GSC data of 

secand vsrbl casff icients adsorption constants and quantit ies calculable 

fran these parametsre. 

changee in sample retention arisfng from gas phase Lnteractions to help 

e f f ec t  d i f f i cu l t  separations, Oas-solid chromatography also appears t o  

provide a more powerful isotope separation technique than gas-liquid chroma- 

tography, 

Analytically, L t  may be possible t o  exploit  emall 
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rJnfortunately, sufficfent data appropriate for testing the theory 

presented here has not been given in  t he  lfteeature, Experimentel stildles 

t o  thfs end are therefore being undertaken Ln th ls  leborPtnryA 
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